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Sorghum production is affected by a wide array of biotic constraints, of which sorghum shoot fly, Atherigona soccata is the most important pest, which severely damages the sorghum crop during the seedling stage. Host plant resistance is one of the major components to control sorghum shoot fly, A. soccata. To understand the nature of gene action for inheritance of shoot fly resistance, we evaluated 10 parents, 45 F1's and their reciprocals in replicated trials during the rainy and postrainy seasons. The genotypes ICSV 700, Phule Anuradha, ICSV 25019, PS 35805, IS 2123, IS 2146, and IS 18551 exhibited resistance to shoot fly damage across seasons. Crosses between susceptible parents were preferred for egg laying by the shoot fly females, resulting in a susceptible reaction. ICSV 700, ICSV 25019, PS 35805, IS 2123, IS 2146, and IS 18551 exhibited significant and negative general combining ability (gca) effects for oviposition, deadheart incidence, and overall resistance score. The plant morphological traits associated with expression of resistance/susceptibility to shoot fly damage such as leaf glossiness, plant vigor, and leafsheath pigmentation also showed significant gca effects by these genotypes, suggesting the potential for use as a selection criterion to breed for resistance to shoot fly, A. soccata. ICSV 700, Phule Anuradha, IS 2146 and IS 18551 with significant positive gca effects for trichome density can also be utilized in improving sorghums for shoot fly resistance. The parents involved in hybrids with negative specific combining ability (sca) effects for shoot fly resistance traits can be used in developing sorghum hybrids with adaptation to postrainy season. The significant reciprocal effects of combining abilities for oviposition, leaf glossy score and trichome density suggested the influence of cytoplasmic factors in inheritance of shoot fly resistance. Higher values of variance due to specific combining ability (σ2s), dominance variance (σ2d), and lower predictability ratios than the variance due to general combining ability (σ2g) and additive variance (σ2a) for shoot fly resistance traits indicated the predominance of dominance type of gene action, whereas trichome density, leaf glossy score, and plant vigor score with high σ2g, additive variance, predictability ratio, and the ratio of general combining ability to the specific combining ability showed predominance of additive type of gene action indicating importance of heterosis breeding followed by simple selection in breeding shoot fly-resistant sorghums. Most of the traits exhibited high broadsense heritability, indicating high inheritance of shoot fly resistance traits.
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INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is an important food and fodder crop of dryland agriculture. It has a wide range of adaptability to various agro-ecological conditions in the semi-arid tropics (SAT). It is a staple food crop for millions of poor people living in the SAT regions of Asia and Africa (Ashok Kumar et al., 2011). It is cultivated on marginal, fragile, and drought-prone environments in the semi-arid tropics. Sorghum is also grown for forage, and is fed to animals as a green chop, silage or hay. Sorghum grain is one of the major ingredients in poultry and cattle feed in USA, China and Australia (Bramel-Cox et al., 1995). It is also emerging as an important bio-fuel crop. India is the largest sorghum grower in the world with an average productivity of 854.4 kg ha−1 (FAO, 2014). In the dry land agriculture, the yield and quality of sorghum produced is affected by a wide array of biotic and abiotic constraints. Several insect pests damage sorghum from seedling stage to maturity. Around 150 insect pests attack sorghum (Jotwani et al., 1980; Sharma, 1993), of which sorghum shoot fly, Atherigona soccata is a serious pest that reduces sorghum production in the semi-arid tropics. Due to shoot fly damage, a loss of 80–90% of grain, and 68% of fodder yield was recorded in India (Balikai and Bhagwat, 2009; Kahate et al., 2014). Identifying sorghum genotypes with stable shoot fly resistance is highly important as it will help to reduce the cost of cultivation and stabilize the yields.

Shoot fly, A. soccata attacks sorghum at 7-30 days after seedling emergence (DAE). It lays white elongated cigar shaped eggs on the lower surface of the leaf, parallel to leaf midrib (Padmaja et al., 2010). Maggot emerges from the egg in 2 days, reaches the central whorl, cuts the central leaf, and starts feeding on the decaying leaf tissue of central whorl. As a result, the central whorl dries off resulting in a typical deadheart (Deeming, 1971; Dhillon et al., 2006a). It completes its life cycle in 17–21 days (Sharma et al., 2003). Many approaches have been used to minimize the losses caused by shoot fly, including agronomic practices, natural enemies, synthetic insecticides, and host plant resistance (Sharma, 1993; Kumar et al., 2008), but implementation of all these practices is not always feasible.

Host plant resistance (HPR) is one of the most economic and practical means for controlling shoot fly damage because it does not involve any extra cost to the farmers or require application skills in pest control techniques (Sharma, 1985; Dhillon et al., 2006a). It is also compatible with other methods of pest control. The negative effects of resistant genotypes on insect populations are continuous and cumulative over time. Reduction in pest abundance through HPR can also enhance the effectiveness of natural enemies, and reduces the need to apply pesticides (Sharma, 1993).

In view of serious economic losses due to shoot fly damage, improvement of sorghum for shoot fly resistance is one of the major goals in sorghum improvement programs. Although several improved varieties and hybrids have been developed and released, the yield gains at farmers' level are minimal (Sharma et al., 2003). Therefore, there is a need to combine shoot fly resistance with high grain yield to increase the productivity of this crop. Because of the poor understanding of inheritance of shoot fly resistance, sorghum improvement for resistance to this pest have not been very effective (Doggett et al., 1970; Riyazaddin et al., 2015a). Combining ability studies is needed to identify better combiners and develop superior hybrids that would be helpful in understanding the nature of gene action and inheritance of quantitative traits (Singh and Chaudhary, 1985; Goyal and Kumar, 1991; Mohammed et al., 2015).

Diallel crosses have been widely used in genetic research to investigate the inheritance of important agronomical and morphological traits. Studies on combining ability estimates are useful to understand the nature of genetic variance, and to predict the relative performance of different lines in hybrid combinations. Information on the nature and magnitude of gene action is important in understanding the genetic potential of a population, and deciding the breeding procedure to be adopted in a given population (Prabhakar and Raut, 2010). Several researchers worked on developing sorghum genotypes with resistance to shoot fly, but the genetic gains were quite low (Ashok Kumar et al., 2011). Therefore, the present studies were carried out to understand the nature of gene action of shoot fly resistance and morphological traits, and their inheritance to study the general and specific combining abilities of parents and crosses, respectively, to establish appropriate strategies for developing sorghum genotypes with improved resistance to shoot fly, A. soccata.

MATERIALS AND METHODS

Experimental Material

The experiments were conducted at the International Crops research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru-502 324, Telangana, India. Based on performance of the genotypes in the field (Riyazaddin et al., 2015a,b), 10 sorghum genotypes exhibiting high levels of resistance (ICSV 25019, PS 35805, IS 2123, IS 2146, and IS 18551) or susceptibility (CSV 15 and Swarna) to shoot fly; and ICSV 700, M 35-1, and Phule Anuradha with moderate levels of shoot fly resistance (Annexure I in Supplementary Material) which are genetically diverse were selected for the crossing program. These genotypes were used for crossing in a full diallel fashion i.e., crossing in all possible combinations including reciprocals, to test the hybrid vigor of crosses and combining abilities, and the reciprocal effects of parental genotypes. Crossing of 10 selected parents in a full diallel fashion generated 45 direct crosses, and 45 reciprocal crosses (90 F1's).

The test material consisting of 10 parents and 90 F1's was sown in three replications in a randomized complete block design (RCBD). One set of replicated trial was raised under protected conditions during the 2013 rainy and postrainy seasons. The test genotypes were sown in the field in 2.0 m row length, row to row spacing of 75 cm and with a spacing of 10 cm in-between the plants within a row. A basal dose of ammonium phosphate @100 kg/ha was applied to the field. Parents were sown in two rows each, and the F1's in a single row. The test material was tested under high shoot fly pressure using interlard fishmeal technique (Soto, 1974; Sharma et al., 1992). Thinning was carried out at 7 days after seedling emergence. Earthing up and topdressing with urea (@100 kg/ha) were carried out at 30 DAE. Hand weeding was carried out whenever necessary. Furrow irrigation was given to the experimental material during the 2013 postrainy season.

OBSERVATIONS

Shoot Fly Damage Parameters

Data were recorded on plants with shoot fly eggs and number of shoot fly eggs per plant at 14 DAE, and shoot fly deadhearts at 21 DAE, and expressed as the percentage of plants with shoot fly eggs, number of shoot fly eggs per plant, and percentage of plants with deadhearts. Overall resistance score was recorded on a 1-9 scale before harvesting (1 = plants with < 10% deadhearts and uniform tillers and harvestable panicles, and 9 = plants with >80% deadhearts, and a few or no productive tillers) (Sharma et al., 1992).

Morphological Characteristics

Leaf glossiness was evaluated visually on a 1–5 scale (1 = highly glossy, and 5 = non-glossy) at 10–12 DAE (fifth leaf stage), when the expression of this trait is most apparent in the early morning hours (Sharma and Nwanze, 1997). Leafsheath pigmentation was visually scored on a 1-3 rating scale (1 = leafsheath with deep pink pigmentation, and 3 = green leafsheath and no pink pigmentation) at 7 DAE (Dhillon et al., 2006b). Seedling vigor was recorded at 10 DAE on 1–3 scale (1 = high seedling vigor, and 3 = poor seedling vigor) (Sharma et al., 1992). Waxy bloom was visually scored on 1–3 scale (1 = slightly waxy, and 3 = completely waxy) at the flag leaf stage of the crop. Plant color was evaluated visually on a 1–2 scale (1 = non-tan; red colored plant, and 2 = tan; colorless plant).

The density of trichomes on both the surfaces of leaf was recorded at 12 DAE by taking a 2.5 cm2 portion from the center of the fifth leaf (Maiti and Bidinger, 1979). The leaf samples were taken from three plants at random, de-stained overnight with 2:1 of acetic acid: alcohol. The de-stained leaf is stored in 90% lactic acid, and observed at 10× magnification under a stereomicroscope. Trichomes on the leaf surface were counted and expressed as numbers of trichomes in a 10× microscopic field (density per microscopic field).

Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using GenStat® 13th version (GenStat, 2010). Significance of the differences between the genotypes was judged by F-test, while the genotypic means were compared by least significant difference (LSD) at P ≤ 0.05. Diallel analysis of parents and F1's was carried out according to the Griffing's method 1 and model 1 (Griffing, 1956), which partitions the total variation into the general combining ability (gca) effects that provide the genetic nature of the parents, and the specific combining ability (sca) effects that provide information about the performance of hybrids, using Windowstat software (Indostat Services, 2004). The coefficient of variation at phenotypic and genotypic levels was estimated using the formula adopted by Johnson et al. (1955) and predictability ratio using Baker (1978).

RESULTS

Expression of Resistance to Shoot Fly, A. soccata by the F1 Hybrids (10 × 10 Diallel) in Comparison with the Parents

The variance ratio for 10 parents, 45 F1's along with 45 reciprocal crosses for all the traits studied were significant at P ≤ 0.01, with few exceptions. Variance ratio of plants with shoot fly eggs (%), and number of shoot fly eggs/plant were significant only in the postrainy season (Table 1).

Table 1. Expression of resistance to sorghum shoot fly, A. soccata in sorghum (ICRISAT, Patancheru, 2013–14).
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Very high levels of oviposition (2–4 eggs per plant) were recorded during the rainy season as compared to the postrainy season (1–2 eggs/plant) (Table 1). During the rainy season, the genotypes ICSV 25019 (69.73%) and IS 2123 (81.33%), the direct crosses IS 2123 X IS 2146 (66.67%), and IS 18551 X Swarna (74.81%), and the reciprocal cross IS 18551 X M 35-1 (75.76%) exhibited lower oviposition as compared to that of susceptible check Swarna with 93.60% of plants with shoot fly eggs. In the postrainy season, almost all the crosses exhibited lower percentage of plants with shoot fly eggs than the susceptible check Swarna, with few exceptions. Higher ovipostion was observed in the susceptible genotypes CSV 15 and Swarna and in crosses where these genotypes were involved as either of the parents, with 2-3 shoot fly eggs/plant across the seasons.

The percentage of plants with shoot fly deadhearts in the parents varied from 21.45–83.72% during rainy season, and 3.96–53.05% in the postrainy season (Table 1); and for crosses, the deadheart percentage ranged from 44.44 to 100% in the rainy season, and 0.00–68.48% during the postrainy season. The genotypes ICSV 700, Phule Anuradha, ICSV 25019, PS 35805, IS 2123, and IS 2146 exhibited lower shoot fly damage than CSV 15 and Swarna. M 35-1 showed a susceptible reaction in the rainy season and exhibited resistant nature in the postrainy season. Thirty-three crosses exhibited resistance to shoot fly across seasons, and PS 35805 and IS 18551 were involved as one of the parents in most of these crosses.

M 35-1 X Swarna, PS 35805 X Swarna, IS 18551 X ICSV 700, IS 18551 X Phule Anuradha, and ICSV 700 X IS 2146 exhibited antibiosis resistance mechanism i.e., lower numbers of plants with shoot fly deadhearts than the plants with shoot fly eggs (Table 1). Twenty-four crosses showed antibiosis as a mechanism of resistance to shoot fly in the rainy season. The direct crosses ICSV 700 X IS 2123, ICSV 700 X IS 18551, CSV 15 X PS 35805, CSV 15 X IS 18551, PS 35805 X Swarna, IS 2123 X Swarna, and reciprocal crosses CSV 15 X ICSV 700, ICSV 25019 X CSV 15, IS 2123 X M 35-1, IS 18551 X M 35-1, Swarna X M 35-1, Swarna X PS 35805, and Swarna X IS 2123 exhibited lower shoot fly deadhearts than the plants with shoot fly eggs, indicating antibiosis as mechanism of resistance to shoot fly during the postrainy season.

Morphological Traits

The parents ICSV 700, Phule Anuradha, IS 2123, IS 2146 and IS 18551, and the 29 crosses were glossy with high plant vigor, and had leafsheath pigmentation and high trichome density on the abaxial and adaxial leaf surfaces (Table 2). The hybrids ICSV 700 X M 35-1, ICSV 700 X PS 35805, ICSV 700 X IS 2146, Phule Anuradha X M 35-1, M 35-1 X Phule Anuradha, M 35-1 X IS 2146, M 35-1 X IS 18551, IS 2146 X Phule Anuradha, and IS 18551 X Swarna expressed the leaf glossiness, leafsheath pigmentation, high vigor and high trichome density only in the rainy season; whereas the crosses ICSV 700 X CSV 15, M 35-1 X PS 35805, PS 35805 X IS 2123, PS 35805 X IS 18551, IS 2123 X M 35-1, IS 2123 X IS 2146 expressed these traits only in the postrainy season.

Table 2. Morphological characteristics of sorghum (parents and F1 crosses) evaluated for resistance to sorghum shoot fly, A. soccata (ICRISAT, Patancheru, 2013–14).
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Combining Ability Analysis

Analysis of Variance for Combining Ability

The estimation of mean sum of squares (ANOVA) for general combining ability (GCA) of parents, and specific combining ability (SCA) of the hybrids showed significant (P ≤ 0.01) general combining ability effects for all the traits studied in the postrainy season, and for most of the traits in the rainy season (Table 3). The mean sum of squares due to SCA were significant for most of the traits during the rainy and postrainy seasons, with the exception of leaf glossy score and plants with shoot fly eggs during the rainy season, number of shoot fly eggs/plant and leafsheath pigmentation across seasons, and waxy bloom in the postrainy season. The mean sum of squares for the reciprocal crosses were significant for trichome density on abaxial and adaxial leaf surfaces across seasons; overall resistance score during the rainy season, and plants with shoot fly eggs, and leaf glossy score during the postrainy season, suggesting influence of the cytoplasmic factors in expression of the traits associated with resistance to shoot fly in sorghum.

Table 3. Analysis of variance (ANOVA) showing mean sum of squares of general, specific, and reciprocal combining abilities of F1(10 × 10) diallel (ICRISAT, Patancheru, 2013–14).
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Estimates of gca, sca, and Reciprocal Effects of Parents and Hybrids

General Combining Ability (gca) Effects

gca effects of shoot fly resistance traits

The general combining ability (gca) effects for shoot fly deadhearts ranged from –8.13 (PS 35805) to 9.80 (CSV 15) in the rainy season, and from –8.80 (PS 35805) to 20.86 (CSV 15) in the postrainy season (Table 4). The genotypes Phule Anuradha, ICSV 25019, PS 35805, IS 2123, and IS 18551 exhibited negative and significant gca effects, with a few exceptions. M 35-1 and Phule Anuradha exhibited positive but non-significant gca effects in the rainy season but showed negative gca effects in the postrainy season. CSV 15 and Swarna exhibited significant positive gca effects across seasons. Similar pattern was observed in case of overall resistance score across seasons.

Table 4. Estimates of general combining ability effects of shoot fly resistance and morphological traits of parents (10 × 10 diallel) across seasons (ICRISAT, Patancheru, 2013–14).
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The genotypes CSV 15 and Swarna showed significant and positive gca effects for percentage plants with shoot fly eggs and number of shoot fly eggs/plant in the postrainy season (Table 4). Phule Anuradha, M 35-1, ICSV 25019, PS 35805, IS 2123, IS 2146, and IS 18551 exhibited significant negative gca effects for plants with shoot fly eggs (%), whereas Phule Anuradha and PS 35805 exhibited significant negative gca effects for number of shoot fly eggs/plant in the postrainy season.

gca effects of morphological traits

The gca effects of leaf glossy score ranged from –0.34 (IS 18551) to 0.73 (CSV 15), and for plant vigor score from –0.24 (IS 2146) to 0.45 (Swarna) in the rainy season. In the postrainy season the gca effects for leaf glossy score ranged from –0.68 (IS 18551) to 1.07 (Swarna), for plant vigor score from –0.31 (IS 18551) to 0.44 (Swarna) and for leafsheath pigmentation from –0.27 (ICSV 700) to 0.38 (CSV 15) in the postrainy season (Table 4). IS 2146 and IS 18551 exhibited significant and negative gca effects, and CSV 15 and Swarna exhibited significant and positive gca effects for leaf glossy score and for plant vigor score across seasons. ICSV 700 and IS 2123 exhibited significant negative gca effects in the postrainy season, both for leaf glossy score and plant vigor score. ICSV 700 and IS 18551 exhibited significant negative and CSV 15 significant positive gca effects for leafsheath pigmentation in the postrainy season.

The general combining ability effects for trichome density on the abaxial leaf surface ranged from –35.24 (CSV 15) to 16.52 (ICSV 700) in the rainy season; and from –38.35 (CSV 15) to 22.51 (IS 18551) in the postrainy season (Table 4). The gca effects of trichome density on the adaxial leaf surface ranged from –45.04 (CSV 15) to 30.03 (IS 2146) in the rainy season, and from –41.49 (CSV 15) to 28.75 (IS 18551) in the postrainy season. CSV 15, ICSV 25019, IS 2123, PS 35805, and Swarna exhibited significant negative gca effects, while ICSV 700, IS 2146, and IS 18551 exhibited significant positive gca effects in the rainy season and CSV 15 and Swarna showed significant negative, and ICSV 700, IS 2146, and IS 18551 significant positive gca effects for trichome density on abaxial and adaxial leaf surfaces in the postrainy season.

The gca effects of waxy bloom ranged from -0.45 (IS 18551) to 0.75 (Swarna) in the rainy season, and from –0.64 (IS 18551) to 0.43 (Swarna) in the postrainy season (Table 4). ICSV 700, Phule Anuradha, M 35-1, IS 2123, IS 2146, and IS 18551 exhibited significant and negative gca effects; while CSV 15, ICSV 25019, PS 35805, and Swarna exhibited significant and positive gca effects across seasons. The general combining ability effect of plant color ranged from –0.16 to 0.24 in the rainy season, and –0.14 to 0.24 in the postrainy season.

Specific Combining Ability (sca) Effects

sca Effects of Shoot Fly Resistance Traits

The sca effects of plants with shoot fly eggs (%) ranged from –13.04 to 37.56 in the postrainy season (Table 5). The range of sca effects for shoot fly deadhearts (%) varied from –12.42 to 17.74 in the rainy season, and the overall resistance score from –1.16 to 1.15 in the rainy season, and from –0.80 to 1.22 in the postrainy season.

Table 5. Estimates of specific combining ability effects of shoot fly resistance traits of F1 crosses (10 × 10 diallel) of sorghum, across seasons (ICRISAT, Patancheru, 2013-14).
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ICSV 700 X Swarna, Phule Anuradha X Swarna, CSV 15 X ICSV 25019, CSV 15 X IS 2146, and IS 18551 X Swarna exhibited significant positive sca effects for percentage plants with shoot fly eggs in the postrainy season. M 35-1 X ICSV 25019 and ICSV 25019 X IS 18551 exhibited significant positive sca effects for shoot fly deadhearts (%) in the rainy season (Table 5). ICSV 700 X IS 2123, ICSV 700 X IS 2146, ICSV 25019 X PS 35805, ICSV 25019 X Swarna, and IS 2123 X IS 2146 in the rainy season; and ICSV 700 X IS 18551, CSV 15 X ICSV 25019, CSV 15 X PS 35805, and ICSV 25019 X Swarna in the postrainy season exhibited significant positive sca effects for overall resistance score. ICSV 700 X Phule Anuradha, M 35-1 X Swarna, CSV 15 X IS 2146, ICSV 25019 X IS 2123, ICSV 25019 X IS 2146, PS 35805 X IS 18551, and IS 2123 X Swarna in the rainy season; and ICSV 700 X IS 2146 in the postrainy season exhibited significant negative sca effects for overall resistance score.

sca Effects of Morphological Traits

The sca effects of leaf glossy score ranged from –0.73 to 0.90 (in the postrainy season), for plant vigor score from –0.52 to 0.68 and –0.55 to 0.48, for trichome density on the abaxial leaf surface –25.68 to 15.47 and –22.85 to 18.53, for trichome density on the adaxial leaf surface from –25.92 to 26.80 and –29.98 to 25.95, and for waxy bloom from –0.55 to 0.72 (in the rainy season only) respectively, in the rainy and postrainy seasons (Table 6).

Table 6. Estimates of specific combining ability effects of morphological traits of F1 crosses (10 × 10 diallel) of sorghum across seasons (ICRISAT, Patancheru, 2013-14).
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ICSV 700 X PS 35805, ICSV 700 X Swarna, Phule Anuradha X IS 2123, Phule Anuradha X IS 2146, CSV 15 X IS 2123, ICSV 25019 X IS 2146, and IS 18551 X Swarna exhibited significant positive sca effects for leaf glossy score in the postrainy season (Table 6). ICSV 700 X ICSV 25019, M 35-1 X Swarna, CSV 15 X Swarna, and IS 2146 X IS 18551 exhibited significant negative sca effects for leaf glossy score in the postrainy season. M 35-1 X ICSV 25019, CSV 15 X IS 18551, and ICSV 25019 X Swarna in the rainy season; and ICSV 700 X M 35-1, Phule Anuradha X IS 2123 in the postrainy season exhibited significant positive sca effects for plant vigor score. M 35-1 X Swarna in the rainy season, and ICSV 700 X ICSV 25019 in the postrainy season exhibited negative sca effects for plant vigor score.

ICSV 700 X PS 35805, ICSV 700 X IS 2123, ICSV 700 X IS 2146, ICSV 700 X IS 18551, Phule Anuradha X Swarna, M 35-1 X CSV 15, ICSV 25019 X Swarna in the rainy season; and ICSV 700 X IS 2146, Phule Anuradha X Swarna, CSV 15 X IS 2146, ICSV 25019 X Swarna, PS 35805 X IS 2146, and PS 35805 X Swarna in the postrainy season showed significant negative sca effects for trichome density on the abaxial leaf surface (Table 6). ICSV 700 X Swarna across seasons, and ICSV 25019 X IS 2146, ICSV 25019 X IS 18551, PS 35805 X IS 2123, and IS 2146 X Swarna in the rainy season, and ICSV 25019 X PS 35805, IS 2123 X IS 2146, and IS 18551 X Swarna in the postrainy season exhibited significant positive sca effects for trichome density on the abaxial leaf surface.

The crosses ICSV 700 X PS 35805, ICSV 700 X IS 2123, ICSV 700 X IS 2146, ICSV 700 X IS 18551, Phule Anuradha X Swarna, M 35-1 X CSV 15, CSV 15 X ICSV 25019, CSV 15 X PS 35805, ICSV 25019 X Swarna, and PS 35805 X Swarna in the rainy season; and ICSV 700 X IS 2146, ICSV 700 X IS 18551, CSV 15 X ICSV 25019, ICSV 25019 X Swarna, and PS 35805 X Swarna in the postrainy season showed significant negative sca effects for trichome density on the adaxial leaf surface (Table 6). ICSV 700 X Swarna, CSV 15 X IS 18551, ICSV 25019 X IS 2146, ICSV 25019 X IS 18551, PS 35805 X IS 2123, IS 2146 X Swarna, and IS 18551 X Swarna in the rainy season; and ICSV 700 X CSV 15, ICSV 700 X Swarna, ICSV 25019 X IS 2146, IS 2123 X IS 2146 and IS 18551 X Swarna in the postrainy season exhibited significant positive sca effects for trichome density on the adaxial leaf surface.

The sca effects of Phule Anuradha X CSV 15, Phule Anuradha X ICSV 25019, CSV 15 X Swarna, ICSV 25019 X IS 2123, ICSV 25019 X IS 2146, ICSV 25019 X IS 18551, PS 35805 X IS 2123, PS 35805 X IS 2146, and PS 35805 X IS 18551 in the rainy season exhibited significant negative sca effects for waxy bloom trait. Phule Anuradha X IS 2146, Phule Anuradha X IS 18551, CSV 15 X ICSV 25019, CSV 15 X IS 2123, ICSV 25019 X PS 35805 in the rainy season exhibited significant positive sca effects for waxy bloom.

Reciprocal Combining Ability Effects

The crosses CSV 15 X ICSV 700, ICSV 25019 X CSV 15, IS 2123 X M 35-1, IS 2123 X CSV 15, Swarna X ICSV 700, Swarna X M 35-1 exhibited significant negative reciprocal effects; while the crosses PS 35805 X CSV 15, IS 2146 X Phule Anuradha showed significant positive reciprocal effects for plants with shoot fly eggs (%) in the postrainy season (Table 7).

Table 7. Estimates of reciprocal combining ability effects of reciprocal crosses (10 × 10 diallel) of sorghum across seasons (ICRISAT, Patancheru, 2013-14).
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IS 2123 X CSV 15 and Swarna X IS 2123 exhibited significant negative reciprocal effects; and CSV 15 X ICSV 700 and Swarna X ICSV 700 exhibited significant positive reciprocal effects for overall resistance score during the rainy season. CSV 15 X ICSV 700, IS 2123 X Phule Anuradha, Swarna X M 35-1, and Swarna X IS 2123 exhibited significant negative reciprocal effects, and IS 2146 X IS 2123 exhibited positive reciprocal effects for leaf glossy score in the postrainy season.

IS 2146 X ICSV 700, IS 2146 X ICSV 25019, IS 2146 X PS 35805, IS 2146 X IS 2123 in the rainy season, and PS 35805 X CSV 15, IS 18551 X ICSV 25019 in the postrainy season exhibited significant negative reciprocal effects for trichome density on the abaxial leaf surface (Table 7). CSV 15 X ICSV 700, CSV 15 X Phule Anuradha, and Swarna X M 35-1 across seasons, and CSV 15 X M 35-1, and IS 18551 X IS 2123 in the postrainy season exhibited significant positive reciprocal effects for trichome density on the abaxial leaf surface.

IS 2146 X PS 35805 in the rainy season, IS 2146 X IS 2123 across seasons, and IS 18551 X CSV 15 in the postrainy season exhibited significant negative reciprocal effects for trichome density on the adaxial leaf surface (Table 7). M 35-1 X ICSV 700 and Swarna X PS 35805 in the rainy season, and CSV 15 X ICSV 700, CSV 15 X Phule Anuradha, ICSV 25019 X ICSV 700, Swarna X M 35-1 across seasons, and CSV 15 X M 35-1, IS 2146 X CSV 15 and IS 18551 X ICSV 25019 in the postrainy season exhibited significant positive reciprocal effects for trichome density on the adaxial leaf surface.

Combining Ability Estimates and Genetic Parameters of Shoot Fly Resistance and Morphological Traits

Shoot fly deadhearts (%) in the rainy season, and plants with shoot fly eggs (%) in the postrainy season showed higher variance due to specific combining ability (σ2s) than the variance due to general combining ability (σ2g), indicating the predominance of dominance gene action in controlling the expression of resistance to sorghum shoot fly, A. soccata (Table 8). This was confirmed by higher dominance variance than the additive variance for these traits. The other traits that had σ2g and σ2s on par with each other exhibited both additive and non-additive type of gene action.

Table 8. Estimates of various genetic parameters for different shoot fly resistance and morphological traits of sorghum across seasons (ICRISAT, Patancheru, 2013-14).

[image: image]

Variance due to general combining ability (σ2g) was higher than the variance due to specific combining ability (σ2s) for trichome density on abaxial and adaxial leaf surfaces across seasons; indicating the predominance of additive gene action in controlling the expression of these traits (Table 8). Trichome density on abaxial and adaxial leaf surfaces showed higher additive variance (σ2a) than the dominance variance (σ2d) across seasons. Leaf glossy score and plant vigor score in the postrainy season exhibited higher additive variance than the dominance variance. Overall resistance score exhibited high dominance variance to the additive variance across seasons. Plant vigor score and trichome density on the abaxial and adaxial leaf surfaces across seasons, and leaf glossy score in the postrainy season exhibited high GCA/SCA ratio, indicating the additive type of gene action controlling the expression of these traits. These traits also had high predictability ratios.

Heritability estimates for narrowsense ([image: image]) and broadsense ([image: image]) heritability of all the traits ranged from 0.22 to 0.73 (Table 8). Plants with shoot fly deadhearts and overall resistance score in the rainy season, and plants with shoot fly eggs, number of shoot fly eggs/plant, and overall resistance score in the postrainy season exhibited low (≤0.30) narrowsense heritability. The other traits exhibited moderate to high narrowsense heritability. All the shoot fly resistance and morphological traits across seasons exhibited high broadsense heritability values.

DISCUSSION

The significant F-values for all the traits studied indicated the diverse nature of the genotypes used in this study. The per se performance of the parents and hybrids against shoot fly, A. soccata indicated the existence of genetic potential for shoot fly resistance in the material used. The evaluation of parents and their hybrids during the rainy and postrainy seasons indicated variation in expression of shoot fly resistance across seasons; with greater susceptibility in the rainy season (Dhillon et al., 2006c). This was largely because of available favorable environmental conditions suitable for shoot fly multiplication in the rainy season. The performance of hybrids was season specific indicating the influence of environmental factors in the expression of shoot fly resistance (Riyazaddin et al., 2015a,b). High G X E interactions for shoot fly deadhearts percentage, has been reported earlier (Padmaja et al., 2010; Aruna et al., 2011). Most of the crosses and their reciprocals showed resistance to shoot fly, suggesting that shoot fly resistance can be easily transferred into the progenies. Most of the crosses exhibited oviposition non-preference and tolerance mechanisms of resistance, which are the major components of resistance in sorghum to shoot fly (Doggett et al., 1970; Raina et al., 1981; Sharma and Nwanze, 1997; Kamatar et al., 2003; Dhillon et al., 2005, 2006b; Sivakumar et al., 2008). F1 hybrids based on shoot fly-resistant parents exhibited leaf glossiness, high plant vigor, leafsheath pigmentation, and high trichome density across seasons, suggesting that both the parents should be resistant to shoot fly. The genotypes ICSV 700, M 35-1, ICSV 25019, PS 35805, IS 2123, IS 2146, and IS 18551 showed resistance to shoot fly across seasons, and hence, these can be effectively utilized in developing shoot fly resistant sorghums.

Estimates of combining ability will be helpful in selecting the desirable parents for developing shoot fly-resistant hybrids. Significant mean sum of squares due to GCA for all characters, and SCA for most of the traits indicated contribution of both additive and non-additive types of gene action for resistance to shoot fly in sorghum (Borikar and Chopde, 1982; Riyazaddin et al., 2015b). Significant reciprocal mean sum of squares for plants with shoot fly eggs, overall resistance score and trichome density indicated the cytoplasmic influence in inheritance of these traits. Hence, care should be taken while selecting the parents for these traits for use in sorghum improvement. Leaf glossy score, plant vigor and trichome density had greater σ2g, with high GCA/SCA and predictability ratios, suggesting predominance of additive gene action in inheritance of these traits. Plants with shoot fly deadhearts, plants with shoot fly eggs, and ORS exhibited higher SCA variance, with lower GCA/SCA and predictability ratios, suggesting the predominance of non-additive (dominance) gene action in inheritance of these traits. Hence, heterosis breeding could be used for improvement of sorghum for these traits.

Predominance of different types of gene action, and their heritability differs with the shoot fly population pressure (Rana et al., 1981; Borikar and Chopde, 1982). Almost all the traits across seasons exhibited high broadsense heritabilities, indicating high inheritance of shoot fly resistance. Genotypes with significant negative gca effects were good combiners for shoot fly resistance. Genotypes with negative gca effects for plants with shoot fly eggs, number of shoot fly eggs/plant, shoot fly deadhearts, leaf glossy score, plant vigor score and leafsheath pigmentation, significant positive gca effects for trichome density can be selected and effectively utilized in the breeding program (Sharma et al., 1977; Hallali et al., 1982; Dhillon et al., 2006b). The crosses with negative sca effects for leaf glossy and plant vigor scores can be utilized in hybrid breeding process. Significant reciprocal combining ability of some of the crosses indicted influence of maternal factors in inheritance of plants with shoot fly eggs, leaf glossy score and trichome density. This information should be taken into consideration to select genotypes for use as male or female parents.

CONCLUSIONS

The present studies indicated that the parents involved in the crossing program should possess the shoot fly resistance genes for breeding high yielding shoot fly-resistant sorghums. Both the additive and non-additive type of gene action controlled expression of resistance to shoot fly, A. soccata. Most of the traits exhibited high narrow and broadsense heritabilities, indicating high inheritance of the shoot fly resistance traits. Breeding for shoot fly resistance exhibited season specificity, and utmost care should be taken while selecting the parental lines. The presence of dominance gene action for shoot fly traits indicated heterosis breeding as ideal for improving shoot fly resistance in sorghum genotypes. The predominance of additive nature of gene action for leaf glossy score, plant vigor, leafsheath pigmentation and trichome density indicated simple selection techniques and recombination breeding with pedigree as methods of selection for improving these traits. The variation in expression of shoot fly resistance across seasons was due to the involvement of non-additive genetic components of resistant traits. Crosses with significant positive or negative sca effects for shoot fly resistance suggested that hybridization is necessary to increase the levels of shoot fly resistance. Parents involved in the crosses with significant specific combining abilities can be utilized directly in hybrid breeding process. The genotypes with good general combining ability for shoot fly resistance, and high grain yield can be used in developing shoot fly resistant cultivars for sustainable crop production.
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OPS/images/fpls-07-00543-t005.jpg
Pedigree Plants with shoot fly eggs (%) Shoot fly deadhearts (%) ORS

2013PR 2013R 2013R 2013 PR
ICSV 700 X Phule Anuradha -7.39 2.06 083" 0,07
ICSV 700 XM 36-1 5.46 7.48 061 0.43
ICSV 700X CSV 15 9.82 -3.05 028 0.18
ICSV 700 X ICSV 25019 803 191 -0.09 035
ICSV 700 X PS 35805 182 751 -0.43 -0.40
ICSV 700 XIS 2123 6.69 -0.05 o7t 050
ICSV 700 XIS 2146 092 478 0.86" -0.80"
ICSV 700 XIS 18551 671 -1.08 056 0.88"
ICSV 700 X Swarna 19.38" 812 -0.41 035
Phule Anuradha XM 35-1 -13.04 099 0.37 035
Phule Anuradha X CSV 15 150 130 -0.46 -0.12
Phule Anuradha X ICSV 25019 1193 222 0.40 028
Phule Anuradha X PS 35805 187 007 056 032
Phule Anuradha X IS 2123 971 605 0.69 075
Phule Anuradha X IS 2146 12.64 10.14 -0.15 0.45
Phule Anuradha X IS 18561 3.43 1091 021 0.30
Phule Anuradha X Swarma 13.82° 233 0.07 -0.60
M35-1X CSV 15 6.02 214 -058 028
M35-1X ICSV 26019 5.02 15.29" 055 0.07
M35-1X PS 35805 3.66 896 0.44 065
M35-1X 152123 10.48 -1.88 026 075
M35-1X 1S 2146 008 -11.96 0.23 0.45
M35-1X IS 18551 1227 -12.42 0.26 047
M35-1X Swarna 083 555 121 -0.10
CSV 15 X ICSV 25019 37.56" 655 061 093"
CSV 15X PS 35805 701 418 0.44 122
CSV 15X 152128 272 5.34 -0.43 038
CSV 15X 1S 2146 18.93" 256 077 068
CSV 15X 1S 18551 209 6.8 -0.08 0.17
CSV 15 X Swarma -4.88 -4.48 0.62 023
ICSV 25019 X PS 35805 137 552 0.96 0.40
ICSV 25019 X IS 2123 573 553 090" 013
ICSV 25019 XIS 2146 -4.60 1152 -1.16 067
ICSV 25019 X IS 18551 -11.08 17.74" -0.39 082
ICSV 25019 X Swarna 575 6.37 145" 095"
PS 35806 X IS 2123 157 866 -058 0.42
PS 35805 X IS 2146 1.76 7.80 -0.09 0.45
PS 35806 X IS 18551 024 3.17 073" 0.13
PS 35805 X Swarna 9.26 -0.70 0.14 057
1S 2123 XIS 2146 787 -4.62 o7 052
1S 2123 X IS 18551 339 1.72 0.24 0.20
1S 2123 X Swarna 10.70 041 073" 037
182146 XIS 18561 -4.04 3.57 023 023
1S 2146 X Swarna 555 6.09 -0.40 033
IS 18651 X Swarna 17.58" 7.02 -055 048

t-tost significant at P = 0.05 and 0.01, respectively; ORS, overall resistance score; R, nainy season; PR, posirainy season.
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Pedigree Leaf Plant Trichome density Trichome density Waxy

glossy vigor on abaxial on adaxial bloom
score score leaf surface leaf surface
2013PR 2013R 2013PR 2013R 2013 PR 2013R 2013PR 2013R
ICSV 700 X Phule Anuradha -0.43 0.20 0.20 -2.70 -1.84 -1.38 0.89 0.02
ISV 700 XM 35-1 030 025 048" 857 422 1,00 872 005
ICSV 700X CSV 15 0.20 033 -0.09 5.10 224 11.59 17.36" -0.26
ICSV 700 X IGSV 25019 -0.45° -0.02 -0.55° 111 7.16 485 193 -0.18
ICSV 700 X PS 35805 0.0 -0.02 035 -16.06" -7.21 -15.78" -10.75 -0.13
ISV 700 X IS 2123 0.18 -0.08 008 -13.41" 096 449" -038 009
ICSV 700X IS 2146 032 -0.18 036 -25.68" 1801 2592 -20.98" 010
ICSV 700 X IS 18551 -0.13 025 027 158" 1256 2037 22.50" 010
ICSV 700 X Swarna 062" -0.13 002 1547 1588 26.80" 1775 010
Phule Anuradha XM 35-1 0.15 028 021 029 761 119 486 -023
Phule Anuradha X CSV 15 0.19 035 158 288 014 020 -0:38"
Phule Anuradha X ICSV 25019 -0.10 013 015 -2.08 1024 369 554 046"
Phule Anuradha X PS 35805 -0.08 021 009 243 326 093 442 025
Phule Anuradha X IS 2123 048" 023 048" .13 254 222 184 -0.08
Phule Anuradha X IS 2146 067" 046 026 004 654 287 567 049"
Phule Anuradha X IS 18551 038 041 013 077 -634 058 207 082"
Phule Anuradha X Swama -0.08 027 029 -165.98" -15.68° 2227 -10.86 012
M35-1 X CSV 16 012 0.14 0.10 -10.49" 834 2,00 628 -0.18
M35-1XICSV 25019 -0.37 0.68" 0.13 0.67 -8.95 -205 -8.35 0.07
M35-1 X PS 35805 0.15 -0.16 003 522 -463 283 305 -021
M35-1 XIS 2123 022 023 -024 124 240 674 000
M35-1X1S2146 023 -0.16 -0.29 702 -5.20 8.66 -0.15
M35-1 XIS 18551 028 039 041 739 460 -5.41 589 002
M 35-1 X Swarna -0.47* 052" 000 830 224 or7 -0.18
SV 15 XICSV 25019 020 024 027 -840 1279 -14.88° -15.02" 042"
CSV 15 X PS 35805 -028 -0.41 -020 350 12,68 209 014
sV 15 XIS 2128 078" 019 003 713 531 -10.43 035"
CSV 15X 1S 2146 013 043 015 529 -16.08° .97 12.25 020
CSV 15 XIS 18551 035 058" 035 6.46 -552 1254° -361 018
CSV 15 X Swarna 078" 007 007 451 10.45 242 542 -033
ICSV 25019 X PS 35805 -0.10 026 o6 293 1858 073 815 072
ICSV 25019 X1 2123 030 001 008 206 671 078 203 -0.40°
108V 25019 XIS 2146 048" -0.09 o018 1872 10.12 1457 1798 055"
ICSV 25019 XIS 18551 087 0.16 005 1188 907 13.89" 858 -055"
ICSV 25019 X Swama 012 0.55* 030 -16.52 -22.85" -21.82" -23.58" 025
PS 35805 X 1S 2123 -0.18 038 -0.04 1261 836 1354° 677 -0.35°
PS 35805 X IS 2146 033 024 025 7.48 1438 932 1047 -0.49"
PS 35805 X IS 18551 -0.12 0.18 -0.05 -0.29 -1.72 5.63 3.87 -0.49"
PS 35805 X Swarna 0.13 022 -0.14 -0.86 -18.25" 1407 -25.58" 030
182123 XIS 2146 0.07 -0.33 0.15 -2.33 15.36" -2.03 16.63" 0.05
IS 2123 XIS 18551 022 039 015 154 -1.10 7.08 -051 022
IS 2128 X Swarna 008 032 026 -9.15 -1.83 631 -821 -0.15
152146 X IS 18551 -0.53" -0.16 -0.37 -3.84 779 -5.03 0.79 024
IS 2146 X Swarna 022 028 021 1897 459 21.47" 769 020
IS 18551 X Swarna 077" 015 025 312 1745 12.76° 25.95" 004

t-test significant at P = 0.05 and 0.01, respectively; R, rainy season; PR, postrainy season.
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Pedigree Plants with ORs Leaf glossy Trichome density Trichome density

shoot fly score on abaxial on adaxial
eggs (%) leaf surface leaf surface
2013PR 2013R 2013 PR 2013R 2013PR 2013R 2013 PR
Phule Anuradha X ICSV 700 873 - 017 655 758 633 1044
M35-1X ICSV 700 6.46 017 000 885 9.17 16.40° 147
M35-1 X Phule Anuradha -4.04 017 033 128 839 -0.57 12.78
CSV 15 X ICSV 700 304 080" 083" 156" 2622 2470
CSV 15 X Phule Anuradha 833 - 017 155 18.25" 21.90"
CSV 15 XM35-1 336 050 033 198 13.28" -1.10
ICSV 25019 X ICSV 700 447 033 000 490 284 1620
ICSV 25019 X Phule Anuradha 1357 017 017 572 820 885
ICSV 25019 XM 35-1 1160 -050 000 287 592 127
ICSV 25019 X GSV 15 -14.18" 033 017 247 000 -1.45
PS 35805 X ICSV 700 574 033 017 215 603 235
PS 35805 X Phule Anuradha 1327 033 033 402 278 1.22
PS 35805 XM 35-1 1175 017 033 060 636 .27
PS 35805 X CSV 16 3150 -0.50 047 288 1497 -6.10
PS 35806 X ICSV 26019 -4.37 033 0417 217 003 -0.98
1S 2123 X ICSV 700 -033 033 172 239 397
IS 2123 X Phule Anuradha 067 -0.50° 093 1097 115
1S 2123 XM 35-1 033 000 372 672 112
1S 2123 X CSV 16 -0.80° 017 272 142 222
1S 2123 X ICSV 26019 067 047 652 292 533
1S 2123 X PS 36805 033 047 940 539 -1043 200
IS 2146 X ICSV 700 017 017 -12.60° 561 -8.88 156
1S 2146 X Phule Anuradha 047 000 262 889 5.67 072
IS 2146 XM 35-1 017 033 -8.42 839 453 572
12146 X CSV 15 050 047 052 10.33 205 16.45"
IS 2146 X ICSV 25019 058 033 -10.10" 133 -6.30 128
IS 2146 X PS 36805 0417 000 11200 989 -16.50" 183
1S 2146 X 15 2123 017 067 -21.80" 700 -17.70 1456
IS 18551 X ICSV 700 017 638 16,17 057 883
IS 18551 X Phule Anuradha 017 662 1166 013 1056
IS 18551 XM 35-1 033 017 167 12.75 128 442
IS 18551 X CSV 15 033 0417 128 856 -6.45 -16.28"
IS 18551 XICSV 25019 - 033 -7.40 972 662 16.28°
IS 18551 X PS 35805 033 033 147 1561 -4.90 -6.56
IS 18551 XIS 2123 0417 0.17 743 281 7.00 7.00
IS 18551 XIS 2146 050 017 050 494 628 395
Swarna X IGSV 700 15" 000 0.10 042 205 0.06
Swarna X Phule Anuradha 033 017 557 586 430 -7.36
Swarna XM 35-1 033 083" 1290 17.92 228" 31,50
Swama X CSV 15 017 017 052 000 -1.78 0.00
Swarna X ICSV 25019 - 047 233 347 665 533
Swarna X PS 35805 033 000 632 311 12.70° 226
Swama X I 2123 130" -0.50° 363 439 673 650
Swarma X IS 2146 1137 -033 000 7.93 -4.61 967 883
Swama X IS 18561 -3.00 - 000 467 1067 142 -6.67

t-test significant at P = 0.05 and 0.01, respectively; ORS, overall resistance score.
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125(1.12)
023(026)
0.70(061)
024(037)
032(0.42)

Leaf
glossy
score

0.13(036)
037
003

032(0.12)

0.26(0.72)
037

0.74(1.24)
0.35(0.58)

050 (088)
097
(066)

Plant
vigor
score

005 (0.06)
0.08(0.05)

0.16(0.12)
0.10(0.12)
008(0.05)
032 (03)
030(0.41)
055 (0.59)
059(1.13)
0.54 (0.69)

Leafsheath

pigmentation

0.03)

©0.06)
0.08)
©.12)
©51)
054

Trichome density
on abaxial
leaf surface

308.35 (337.10)
233,78 (132.26)
22.55 (34.71)
59.16 (104.42)
606.71 (674.20)
233.73 (132.26)
922.15 (945.58)
066 (0.71)
091 (085)
1.30 (2.56)
0.72 (0.84)

Trichome density
on adaxial
leaf surface

535.36 (446.53)
264.53(216.25)
42.32(03.72)
8199 (08.31)
1070.72 (893.06)
26453 (216.25)
145956 (1301.35)
0.73(069)
092(085)
2,02 2.07)
080(081)

Waxy
bloom

0.19(0.11)
016

0.06(0.05)
039 022)
016
060 028)
065 0.77)
091 082)
122
o071

Plant
color

0.04(0.04)
0.12(0.13)

0.08(0.08)
0.12(0.13)
021 (021)
0.40(0.39)
0.99(0.99)
033(032)
0.40(0.39)

o?g, gea variance: a®s, sca variance; o, reciprocal variance; a%e, environmental/error variance; o%a, additive variance; od, dominance variance: o2p, phenotypic vaniance; hye, narrow sense heritability; hyz, broad sense heritabilty;

GCA, general combining abill

SCA, specific combining abil

/. the values outside the parentheses are for rainy season, whersas inside the parentheses are for postrainy season.
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Plants with shoot
fly eggs (%)

2013R

9224
96.20
9141
100.00
69.73
96.19
81.33
94.80
89.78
93.60

100.00
100.00
93.94
86.90
8091
87.88
93.94
100.00
9333
90.48
88.89
100.00
100.00
100.00
83.33
100.00
100.00
100.00
91.67
100.00
86.77
95.83
96,08
91.53
94.44

2013PR

16.55
10,02
18.25
44.49
16.53
1021
10.44
17.72

6.30
84.57

9.39
36.57
3081
22,62
2778
35.91
3343
35,81
56.78

308
53.70
4713
30.71
28,69
54.98
15.58
65.02
4868

a17
10.37
14.54
24.44
30,00
20.44
7091

Number of shoot fly
eggs/plant
2013R 2013 PR
233 143
215 1.00
1.70 1.06
357 122
131 1.08
181 106
2217 1.00
224 143
212 133
1.72 138
g s b 067
194 1.00
192 108
247 089
215 133
309 1.00
165 139
210 1.00
210 129
156 033
247 1.00
126 1.00
142 1.00
215 147
193 1.00
224 1.00
221 1.47
230 147
224 033
187 067
215 1.00
229 083
326 183
204 133
1.80 203

Shoot fly deadhearts
(%)
2013R 2013 PR
66.44 7.48
75.92 806
83.72 17.77
83.33 40.40
21.45 639
44,62 247
60.07 430
5459 532
60.21 396
7645 5305
83.64 667
89.56 32,87
80.68 26,64
7381 7.54
7091 37.04
85.61 15.28
7468 1047
83.33 17.22
93.33 34.30
90.48 303
92,59 35.49
96.97 25.05
94.44 19.20
85.86 20.36
92.46 4129
77.78 14.29
94.44 51.86
91.67 5238
91.38 12.50
76.67 667
66.27 17.50
82.37 24.44
7216 28.89
7275 667
94.44 55.45

2013R

633
500
833
800
5.00
433
600
600
600
867

500
567
7.00
567
467
600
667
600
767
667
600
6.00
633
567
538
567
7.00
667
467
633
600
600
600
533
7.00

ORS

2013PR

667
633
4.00
633
433
4.00
4.00
533
4.00
833

7.00
6.00
7.67
533
567
633
5.00
7.00
7.00
633
6.00
6.00
5.00
467
6.00
633
6.00
567
6.00
4.00
567
5.67
5.00
6.67
6.67
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Leaf glossy
score
2013 2013
R PR
2.67 1.00
150 267
367 300
338 500
233 333
400 333
367 1.00
200 133
333 1.00
367 500
367 233
300 333
367 333
267 267
267 400
338 300
267 300
238 233
300 467
267 333
400 400
33 333
300 367
3.00 300
333 367
200 333
467 467
367 433
4.00 333
267 333
238 333
267 367
267 300
167 333

Plant vigor
score
2013 2013
R PR
133 1.00
1.00 133
2,67 133
2.00 3.00
1.00 2.33
2.33 233
2.33 1.00
133 1.00
2.00 1.00
2.00 2.33
2.00 1.67
1.33 233
233 2.00
167 133
133 2.33
1.67 200
1.00 233
133 133
150 2.33
133 233
200 167
133 2.00
1.67 2,00
2,00 200
200 167
1.00 1.33
2.33 200
2,00 267
267 233
1.67 2.00
133 1.67
1.67 167
1.33 267
1.33 233

Leafsheath
pigmentation
2013 2013
R PR
167 1.00
1.50 200
167 200
1.67 300
1.00 200
167 200
233 200
167 1.67
167 133
2.00 2.00
167 1.67
200 200
133 200
1.00 200
100 233
167 200
133 200
133 1.67
200 200
167 267
167 267
133 233
200 233
133 200
167 233
138 200
200 267
133 233
133 200
138 233
133 200
133 233
167 200
133 200

Trichome density

on abaxial leaf

surface
2013 2013
R PR
13900 89.56
7333 6256
8378 7067
000 000
4556 4756
6478 6122
5878 5144
10689 84.28
84.11 8456
3389 7.11
5967 59.06
66.44 8311
5167 5478
6833 75.89
4956 5233
4922 64.11
54.11 7144
65.11 9078
67.11 58.11
6133 5856
3422 36.50
5211 56.00
5600 53.11
45.00 67.11
8122 6956
75.00 81.44
2728 9.7
200 2656
44.00 4033
4222 55.61
4756 3689
6456 7178
6067 9483
4767 5817

Trichome density
on adaxial leaf
surface
2013 2013
R PR
162.67 10022
9822 64.00
85.44 57.67

000 000
64.78 4533
7411 7289
60.11 5028

120,67 97.61
97.56 101.56
3222 13.33
92.33 7241
108.67 104.78
89.00 101.28
12.2 10267
7478 6356
7889 87.78
93.00 74.00
10267 96.44
104.78 74.78
68.11 7222
48.00 3894
69.56 5667
6822 64.56
61.56 86.22
9822 8322
9522 9800
B2 18.17

611 3244
55.33 4978
54.22 7378
88.11 51.67
9456 88.00
85.78 10306
72.44 80.89

2013

133
167
200
3.00
3.00
3.00
100
1.00
1.00
3.00

1.00
1.00
167
133
133
1.00
133
1.00
167
1.00
167
133
138
1.00
167
167
233
200
167
138
100
1.00
1.00
1.67

Waxy
bloom

2013
PR

2.00
2.00
200
267
3.00
3.00
200
200
1.00
3.00

2.00
200
3.00
2,00
2.33
200
167
133
2.33
233
267
233
2.00
167
167
1.00
2,67
2.33
233
3.00
200
200
133
2,00

2013

2.00
1.00
1.00
200
2.00
2.00
1.00
1.00
1.00
1.00

1.00
1.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Plant
color

2013
PR

2.00
1.00
1.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00

1.00
1.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
133





